Abstract-We show numerically, how a chalcogenide planar waveguide designed to exhibit normal dispersion over a wide spectral range around the pump wavelength can produce relatively flat supercontinuum in the mid-infrared regime. A 1-cm-long channel waveguide, made using Ge 11.5 As 24 Se 64.5 glass and pumped at 1.55 µm using short optical pulses with only 25 W peak power, produced a supercontinuum that was nearly 600 nm wide. Employing the same pump source with a peak power of 100 W, the supercontinuum could be extended to beyond 2.2 µm with a bandwidth of 1000 nm. By shifting the pump wavelength to 3.1 µm and using pulses with peak powers of up to 3 kW, the resulting ultraflat supercontinuum extended from 2 to 5.5 µm. Even a wider spectral range (1.8-6 µm) can be realized if MgF 2 glass is used for the lower cladding while maintaining power variations below 5 dB over the entire bandwidth.
I. INTRODUCTION
S UPERCONTINUUM (SC) generation has attracted considerable attention in recent years because of its diverse applications that include biomedical imaging and highprecision measurements [1] - [3] . Broadband SC is usually generated by pumping optimized optical waveguides with ultrashort pulses in the anomalous dispersion region. The physical process of soliton fission and subsequent spectral evolution is well understood by now [3] . However, this approach is sensitive to pump-pulse fluctuations and produces SC spectra that are only partially coherent over the entire SC bandwidth [4] .
One approach to obtain coherent SC spectra is to pump the optical waveguides such that pulses experience normal dispersion throughout their evolution. Since pulses do not propagate as solitons, it becomes possible to produce SC spectra with high coherence and high spectral flatness [5] . Although optical pulse evolution in a normally dispersive waveguide leads to a relatively narrower spectra than anomalous dispersion regime, comparatively smooth and flat spectra can be observed through the suppression of soliton fission under the same operating condition [6] . A number of numerical and experimental investigations have shown that SC spectra extending from ultraviolet to near-infrared can be generated using normally dispersive photonic crystal fibers made with silica glass [6] - [10] . Relatively high loss of silica glass beyond 1.7 μm limits its use for SC generation in the mid-infrared region [11] . The loss problem can be solved using fibers made with chalcogenide (ChG) glass [12] . Indeed, photonic crystal fibers made with ChG glass and exhibiting normal dispersion have been used for SC generation in the mid-infrared region [13] , [14] . Recently interest has grown in using ChG-glass planar waveguides (as an alternative to ChG fibers) for midinfrared SC generation. Several experiments have used such waveguides with a suitably tailored group-velocity dispersion (GVD) such that the zero-dispersion wavelength is close to the central wavelength of input pump pulses [15] - [17] . However, to generate coherent ultraflat SC spectra, the ChG planar waveguide needs to be engineered in such a way that the GVD value of the optimized waveguide at the pump wavelength lies in the normal-dispersion region, is relatively small in magnitude at this wavelength, and increases on both sides of it. In this paper, we discuss how ChG waveguides can be designed to meet this objective and numerically predict that they can produce octave-spanning mid-infrared region SC that is both coherent and relatively flat over its entire bandwidth.
II. NUMERICAL MODEL
The cross-section of the our proposed channel waveguide is shown in Fig. 1 . Its core is made of the Ge 11.5 As 24 Se 64.5 glass with either an inorganic polymer glass (IPG) whose refractive index value of 1.51 or air acting as upper cladding. For the lower cladding we consider three different materials: silica, Ge 11.5 As 24 S 64.5 , or MgF 2 glass. We optimize our waveguides for pumping at two different wavelengths, namely 1.55 μm or 3.1 μm. The wavelength dependence of the GVD is quite 0018-9197 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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sensitive to the both the width W and height H of the core region of the waveguide. We vary both of them using a numerical code based on the full-vectorial finite-element method [21] . For a specific value of W and H the mode solver provides us with the propagation constant of the fundamental mode as a function of optical frequency, which is used to calculate the GVD as a function of wavelength.
To study the formation of SC by launching short optical pulses in the normal dispersion regime of our optimized ChG waveguide, we solve the widely used generalized nonlinear Schrödinger equation [1] - [3] that also includes the two-photon absorption that cannot be neglected for ChG glasses [18] :
Here A(z, T ) is the electric-field envelope in a retarded frame moving at the group velocity 1/β 1 (
is the mth-order dispersion parameter, and ω 0 is the pump frequency. The nonlinear coefficient is defined
where n 2 is the nonlinear refractive index, c is the speed of light in vacuum, and A eff is the effective mode area at the pump frequency. Linear losses are included through α and nonlinear loss is included through α 2 = 9.3×10 −14 m/W, representing the two-photon absorption coefficient [19] . Intrapulse Raman scattering plays an important role in the process of SC generation [3] . It is included through a response function
that includes both the Kerr and Raman contributions, the later having the form
where the parameters for the ChG glass are f R = 0.148, τ 1 = 23 fs, and τ 2 = 164.5 fs [13] .
III. DISPERSION ENGINEERING
As mentioned earlier, we want to design channel waveguides exhibiting normal dispersion so that the resulting SC is relatively coherent over its entire bandwidth. To optimize our channel waveguides for this purpose, we carried out numerous finite-element-method simulations by varying the transverse dimensions W and H of the waveguide core. The resulting GVD curves are shown in Figs. 2 and 3 for the pump wavelengths near 1.55 μm and 3.1 μm, respectively. Note that we plot the parameter D related to the GVD parameter β 2 as D = −(2πc/λ 2 )β 2 . The values of W and H are chosen to ensure that D is negative (normal GVD, β 2 > 0) over a wide spectral range around the chosen pump wavelength (vertical dotted line). Notice how all GVD curves are lying below the D = 0 line, indicating normal dispersion over a wide wavelength range around the pump wavelength.
The GVD curves shown in Fig. 2 are for channel waveguide geometries employing a polymer for the upper cladding and silica glass for the lower cladding. To make the GVD curve peak close to 1.55 μm, thickness (H ) of the waveguide is kept constant and its width (W ) is varied as shown in Figs. 2(a) and 2(d). It can be observed from these figures that the peak of the GVD curves move from left to right if we increase W keeping H constant. Further, the peak value moves closer to zero as H is increased from 450 to 480 nm. In the other two sets of GVD curves shown in Figs. 2(b) and 2(c), H is varied while keeping W constant. In both cases, the peak of the GVD curves shifts upward with increasing H . As seen in Fig 2(b) , |D| can be made quite small at peak of the GVD curve designed to be near the pump wavelength by adjusting W and H .
The GVD curves shown in Figs. 3(a) and 3(b) assume that the bottom cladding layer of the waveguide is made of Ge 11.5 As 24 S 64.5 glass. The GVD curves in Fig. 3 (c) and 3(d) assume that this layer is made of MgF 2 glass. For both cases air is used as an upper cladding. It can be observed from Figs. 3(a) and 3(b) that the peak moves downward if we increase the width W while keeping thickness H constant, or decrease H while keeping W constant. In contrast, it can be observed from Fig. 3(c) that the GVD peak moves upward with increasing H at a fixed W . Notice also that the GVD peak in Fig. 3(c) occurs to the left of the pump wavelength. Finally, Fig. 3(d) shows three optimized waveguide structures when both W and H are adjusted simultaneously such that the GVD values change little for all three designs. In all cases, the pump wavelength is set at 3.1 μm (vertical dashed line).
IV. NUMERICAL RESULTS
The simulations of SC generation in our optimized channel waveguides were carried out by solving the Eq. (1) with the split-step Fourier method [3] after including dispersion terms up to 10 th order. By considering the lowest damage threshold of ChG material, we optimized our waveguide geometries for mid-infrared region SC generation in such way that the largest peak power of pump pulses is at most 3 kW. The loss parameter α of the ChG material at pump wavelengths of 1.55 μm and 3.1 μm are taken to be 3.2 dB/cm and 0.5 dB/cm, respectively [15] . The Kerr parameter n 2 is 8.6 × 10 −18 m 2 /W at 1.55 μm [16] . It was reduced by a factor of two at 3.1 μm. We use A eff at a pump wavelength to calculate γ as the constant γ obtains a better fit between simulation and measurement than A eff dependent n 2 which is described in [5] . In numerical simulations, in the case of 1.55 μm pump, we consider sech-shape input pulses of 50-fs duration with peak powers between 25 W and 100 W. However, in the case of 3.1 μm pump, pulses have 85-fs and much larger peak powers between 0.1 kW and 3 kW. These numbers are chosen to match the experiment situation [20] .
A. Pumping at 1.55 μm
Based on our dispersion engineering in Fig. 2 , we consider two waveguides of the same width (W = 750 nm) but two different heights (H = 480 and 450 nm). Using the finiteelement mode solver, A eff for these structures is found to be 0.29 μm 2 and 0.28 μm 2 , respectively, and the corresponding dispersion is D = −20 ps/nm/km and −85 ps/nm/km. Figure 4(a) shows the SC spectra at the waveguide output at a peak power of only 25 W of 50-fs input pulses. As seen there, a relatively flat SC spectrum covering the wavelength range 1275-1975 nm (bandwidth 700 nm) could be generated with the structure for both waveguides. The SC for the waveguide with H = 480 nm exhibits a dip around the pump wavelength that does not occur for the waveguide with H = 450 nm, SC spectra of 1-cm-long ChG waveguides (core dimensions as indicated) pumped at 1.55 μm using 50-fs pulses with 25-W peak power. SC spectra of 1-cm-long ChG waveguides (core dimensions as indicated) pumped at 1.55 μm using 50-fs pulses with 100-W peak power. Four figures correspond to the four set of dispersion curves in Fig. 2. resulting in an ultraflat SC spectrum covering the wavelength range 1300-1900 nm for this waveguide.
One may ask what happens if we change the width of these two waveguides while keeping nearly the same height. Figure 4(b) shows the SC spectra under identical operating conditions except that the waveguide is now wider with W = 900 nm. The dispersion parameter of the wider waveguides increases considerably and has values D = −79 ps/nm/km and −134 ps/km/nm for H = 450 and 485 nm, respectively. This results in an SC spectrum that is considerably asymmetric around the pump wavelength compared to the spectra in Figure 4 (a). The spectrum extends over 755 nm for H = 485 nm but this bandwidth reduces to 625 nm for H = 450 nm. The main conclusions are that (i) the SC generation depends considerably on the exact values of W and H and (ii) an ultraflat SC spectrum can be obtained by optimizing waveguide dimensions even at a relatively low peak power level of only 25 W.
To study the impact of peak power of input pulses, we show four sets of SC spectra in Fig. 5 by increasing it from 25 to 100 W. These spectra correspond to the device dimensions and dispersion curves given in Fig. 2 . It can be SC spectra of 1-cm-long ChG waveguides (core dimensions as indicated) pumped at 3.1 μm using 85-fs pulses with peak powers from 0.1-3 kW. The lower cladding of the waveguide is made of GeAsS glass in (a) and MgF 2 glass in (b). seen from Fig. 5(a) that SC spectra shift from left to right, just as the GVD curves do in Fig. 2(a) . The SC bandwidth depends on the core dimensions and is the largest (1100 nm covering the wavelength range 1200-2300 nm) for the waveguide with W = 900 nm and H = 480 nm. Spectral density varies across the SC bandwidth but the magnitude of such variations is limited to below 10 dB in Fig. 5(a) . In the second set of spectra shown in Fig. 5(b) , spectral density variations increase to 15 dB, but the SC spectra do not change much as H is varied from 470 to 490 nm. The third set of SC spectra shown in Fig. 5(c) are obtained for wider waveguides. The SC bandwidth is about 1100 nm with power variations of at most 10 dB across the entire bandwidth. The best results are obtained for the fourth set of GVD curves shown in Fig. 2(d) . The SC spectra in Fig. 5(d) are ultraflat with power variations of less than 5 dB across their entire bandwidth (about 900 nm). Such high-quality SC spectra are possible because our waveguides are designed to produce normal dispersion over a wide wavelength range.
B. Pumping at 3.1 μm
To extend the SC spectra into the mid-infrared range, it is necessary to increase the pump wavelength from 1.55 to 3.1 μm as seen in Fig. 3 , dispersion engineering can provide us with suitable waveguide dimensions. The optimum values of both W and H are considerably larger compared to those used in Fig. 5 where pumping was at 1.55 μm. Also the material used for the two claddings are different at λ p = 3.1 μm. We assume that air acts a upper cladding and the lower cladding is made of either Ge 11.5 As 24 S 64.5 glass or MgF 2 glass. Figure 6 compares the SC spectra obtained for the two waveguides whose bottom cladding is made using these two materials. In each case, the core dimensions are optimized suitably. The core dimensions are W = 4.0 μm and H = 1.45 μm in Fig. 6(a) and W = 4.0 μm and H = 0.79 μm in Fig. 6(b) . The effective mode areas for these structures are found to be 4.03 μm 2 and 2.44 μm 2 , respectively. The corresponding values of GVD at the pump wavelength of 3.1 μm are D = −5.2 ps/nm/km and −3.9 ps/nm/km, respectively. Figure 6 (a) and 6(b) show the numerical results for the two waveguides. In Fig. 6(a) the SC extends from 2 to 5.5 μm at the highest peak power of 3 kW. However, when MgF 2 glass is used for the bottom cladding, the SC is SC spectra of 1-cm-long ChG waveguides (core dimensions as indicated) pumped at 3.1 μm using 85-fs pulses with 3 kW peak power. Four figures correspond to the four set of dispersion curves in Fig. 3. much wider in Fig. 6(b) and extends from 1.7 to 7.2 μm under the same operating conditions. These results clearly show that the use of MgF 2 glass for the bottom cladding provides better performance.
The important question is how much SC bandwidth changes if W and H are varied. To answer this question, we calculate SC spectra for all structures whose dispersion curves are shown in Fig. 3 . A comparison of curves in the top and bottom rows shows that the SC is generally wider when MgF 2 glass is used for the bottom cladding of the waveguide. However, it is relatively flatter in the case of the GeAsS glass. The black curve in Fig. 7(b) that an SC spectrum spanning from 2 to 6 μm can be realized with only 10-dB variations over the entire spectral range by using the GeAsS glass for the bottom cladding. In case of a waveguide with the MgF 2 -glass cladding, the SC can be widened to cover the range 1.8-7.5 μm as shown in Fig. 7 (c)(solid black curve) but its flatness is somewhat reduced.
It can be seen from Fig. 7 that spectral variations can be reduced, or flatness of spectrum can be enhanced, by varying the transverse dimensions of ChG waveguides. For both structures, spectral variations can be reduced by increasing the width W while keeping the height H the same, as seen in Fig. 7(a) . Spectral flatness can also be increased by reducing H while keeping W constant, as seen in Figs. 7(b) and 7(c). An ultraflat SC spectrum covering the wavelength range 2-5.5 μm is achieved for a waveguide designed with W = 5.0 μm, H = 1.5 μm and employing GeAsS for its lower cladding (dotted red curve in Fig. 7b) . Similarly, an ultraflat SC spanning the wavelength range 1.8-6 μm can also be realized using a waveguide with W = 4.0 μm, H = 0.75 μm and employing MgF 2 for its lower cladding (dashed blue curve in Fig. 7(c) ). In both cases, spectral variations are reduced to less than 5 dB over the entire SC bandwidth. Our results show that, to achieve a smooth SC spectrum with reduced spectral variations, the peak of the GVD curves needs to be far below the D = 0 line in Fig. 3 , so that the GVD is both normal and large at the pump wavelength. However, the SC bandwidth is also reduced under such conditions.
To show how the SC evolves along the waveguide length, we plot in Fig. 8 , the evolution of pulse spectra over the entire waveguide length of 1-cm. As the pump lies in the normal GVD regime, SC generation is dominated initially by the self-phase modulation (SPM) process and later by the optical wave breaking process [2] . When an ultrashort optical pulse propagates in the normal-dispersion regime of a waveguide, initially its spectrum broadens symmetrically around the pump wavelength (owing to SPM). Later, longer wavelengths start to propagate faster than the shorter wavelengths, which causes the overlap of different frequency components. The temporal overlap of two spectral components leads to generation of new frequency components, resulting in side lobes on both sides of the of input spectrum (owing to optical wave breaking) that are clearly seen in Fig. 8 .
V. CONCLUDING REMARKS
We have shown numerically that a 1-cm-long, dispersionengineered, ChG planar waveguide can generate coherent, ultraflat, SC spectra in the mid-infrared region if the device is designed suitably such that it exhibits normal dispersion over a wide wavelength range around the pump wavelength. We considered pumping with femtosecond pulses at wavelengths of 1.55 and 3.1 μm, and in each case optimized the waveguide dimensions to realize a realistic dispersion profile. When such a waveguide was pumped at 1.55 μm using pulses with a peak power of only 25 W, a relatively flat SC could be generated with a bandwidth of 600 nm covering the wavelength range 1300-1900 nm. By increasing the peak power to 100 W, SC spectra could be extended to 2200 nm and had a bandwidth close to 1000 nm. Moreover, power variations were below 5 dB over the entire SC bandwidth for our optimized design.
To extend the SC spectrum further into the mid-infrared region, pump source must be shifted from 1.55 μm to longer wavelengths. Using 85-fs pump pulses with 3-kW peak power at a wavelength of 3.1 μm, we realized an ultraflat SC spectrum (spectral intensity variations of less than 5 dB) over a wavelength range extending from 2 to 5.5 μm (>1 octave). Moreover, the spectral range could be extended from 1.8 to 6 μm if the lower cladding is made using MgF 2 glass in place of the GeAsS glass. Even a larger spectral range spanning a wavelength range from 1.7 to 7.2 μm (>2 octave) is possible when MgF 2 glass is used, but the spectral flatness is reduced considerably (up to 15 dB power variations over the entire spectral range).
Our numerical results show that ChG planar waveguides as short as 1 cm can be designed to produce good-quality SC spectra with relatively high spectral flatness. Our work may lead to new experimental activity in the important area of midinfrared region supercontinuum generation. Such wideband coherent sources are needed for a variety of applications.
